Future electrical power systems will have an increased percentage of renewable generation which will reduce the amount of synchronously connected rotating kinetic energy and inertia. With reduced levels of inertia, the system frequency will be prone to a faster rate of deviation from its nominal value. As traditional frequency containment may be too slow under low inertia conditions, it is expected that systems will require renewable sources of generation to provide some additional frequency containment response (FCR) in suitably fast timeframes. Of particular interest in this research is how the use of modular multilevel converter (MMC) based HVDC interconnectors could be operated to provide FCR. To avoid excessive operation of MMC-based FCR, dead bands around nominal frequency are often suggested. Here, the implementation of the dead band is revisited to investigate how different variants of implementations (namely, continuous and discontinuous), could improve frequency response from an MMC. A continuous implementation with a variable controller gain value that is dependent on dead band size is shown to reduce frequency nadir. The discontinuous implementation is shown to reduce frequency nadir further and when modified with latching behavior also improves frequency recovery. This research highlights that alternative dead band implementation for MMCs, particularly a discontinuous dead band with latching behavior could improve frequency response in future power systems.
INTRODUCTION
To ensure a power system remains operating within acceptable boundaries that prevent the system from entering an unstable state, it is crucial that sufficient energy balancing can be achieved. Over timeframes longer than 30 minutes, energy balancing is achieved by ensuring there is sufficient generation dispatched. For timeframes in the region of seconds and minutes, the dispatched generation sources must be capable of maintaining the energy balance following perturbations or disturbances. The system frequency is a measure of the balance between mechanical input power and electrical output power from the electrical generation. When there is a change in demand or generation, the initial imbalance is covered by the angular kinetic energy present in the synchronous generator (SG) rotors (Machowski et al., 2008) , This angular kinetic energy is used to determine the inertia of the system which is important because it not only provides energy, but also allows time for the mechanical input into the generators to be adjusted via primary frequency control to restore the energy balance and contain the frequency deviations (Sharma et al., 2011) .
The system inertia prevents the system frequency from experiencing rapid deviations from its nominal value. The decommissioning of SGs in favour of renewable energy sources will lead to a reduction in system inertia (or rather, rotating kinetic energy), leading to faster deviations of frequency. This will lead to faster rates of change and greater (i.e. lower) nadirs (Sharma et al., 2011) . This is due to the fact that conventional frequency containment response (FCR) schemes cannot be operated any faster and are constrained by the physical machines that they are connected to. As a SG is decommissioned, not only is inertia being removed from the system, but their associated FCR schemes are also being removed. Replacements for these schemes will be required to maintain the energy balance in power systems and this will require future renewable energy sources to be capable of providing FCR. The renewable energy sources should also be able to provide the response in a suitable timeframe that will be faster than is currently achieved by primary frequency control schemes incorporated in SGs.
During normal operation the system frequency will inherently deviate within a narrow band as slight changes in generation and demand occur. To prevent excess operation/adjustment of generation through the primary control schemes, the schemes are typically fitted with a dead band. When the frequency is outside of this dead band, the control schemes start to operate. With a high inertia system, the dead band can be narrow, as typical variations will be small and at present should be no greater than 0.03 Hz in the GB system (National Grid, 2017a). In a low inertia system, the normal operational deviations will become larger as there will be less kinetic energy stored in SG rotors, and as this covers the energy shortfall it will cause a greater reduction in synchronous rotor speed. The issue of normal operational deviations could also become greater due to volatile energy sources such as wind and photovoltaics. The combination of reduced inertia and volatile energy sources may require the dead bands of the control schemes to be extended to prevent unwanted or excessive operation.
In the future, a large share of renewable energy for the GB power system will come from interconnectors with an expected capacity of 17.8 GW of operational or contracted power by 2030 along with numerous additional projects in the feasibility stage (National Grid, 2017b) . This will represent 11 % of the total anticipated generation capacity of the GB system in 2030. Voltage source converter (VSC) technology has been chosen for all future projects. VSC technology has useful benefits over line commutated converter (LCC) technology due to the switching device used, typically insulated gate bipolar transistors (IGBTs). An IGBT can be switched on and off unlike a Thyristor device (which is latched on) and this allows independent control over active and reactive power. The modular multilevel converter (MMC) uses VSC technology to create a multilevel stepped output that is closer to a sinusoidal waveform which reduces harmonic distortion, slows the device switching speed down, and allows continued operation if a single device fails. A comprehensive look at MMC design and structure is discussed by (Sharifabadi et al., 2016) . When an MMC is used, there may be additional benefits by allowing them to provide ancillary services such as frequency response by incorporating supplementary controls.
Previous research has investigated the effectiveness and design of frequency control from VSCs and MMCs. A comparison of different supplementary control loops was undertaken by (Du et al., 2008) and concluded that desired control type is dependent on the converter and system parameters. The overload capability of an interconnector system for frequency response was investigated by (Sanz et al., 2017) to view the thermal considerations. The ability to overload the converter for short periods was observed to improve frequency containment. However, it was acknowledged that a frequency support agreement would be required between system operators. A more novel technique for providing frequency response using the intrinsic energy from a converter system was investigated by (Junyent-Ferr et al., 2015) . The benefits of the technique are a fast response without disturbing the attached network.
All of the previously described methods for frequency response were shown to improve system stability (as expected). However, amid future concerns about the quantity and speed of frequency response in future low inertia systems, it will be important to understand the impact of the control parameters on both quantity and speed of response. This paper will investigate the impact that the dead band in the supplementary frequency control loop of an MMC has on the quantity and speed of frequency response provided by the MMC. It will investigate alternative approaches to dead band implementation to ascertain which are most beneficial.
MMC CONTROL STRUCTURE
An MMC control structure comprises a cascaded philosophy which can be broken down into Dispatch, High level and Low Level control (Cigre, 2014) . Dispatch level control is used to configure and adjust operating set points and includes reference signals for active power ( ), reactive power ( ), AC voltage ( ) and the DC voltage ( ). Dispatch control could also be responsible for altering settings within the control structure such as limits or permissible rates of change if required.
The high level control can be split into the outer and inner control. Outer control receives the references and grid measured variable quantities which it responds to without allowing any sudden changes to be applied to the converter. The output from the outer control is input into the inner current control loop. Here, different control techniques including direct, vector, and power synchronisation exist but vector current control (commonly known as ) appears most in the literature and will be used as the basis for the control in this paper. Converter operation determines which quantities the outer and inner loops are configured to control. The active power control loop may control either the active power output or the DC voltage. The reactive power control loop can control either the reactive power or can control the AC voltage output. For instances of islanded operation, the converter may be configured to control the connected AC system frequency and AC voltage.
Low level control is concerned with modulation, capacitor voltage balancing, and circulating current suppression. Different algorithms may be used in the low level control depending on the operational characteristics required from the converter (Cigre, 2014).
A simplified implementation of the control structure to control active power adopted from (Wang et al., 2014) is displayed in Fig. 1 with time variant functions transformed into the Laplace domain as symbolized with . A similar control structure would be required to control the reactive power or AC voltage depending on converter operation. The use of proportional-integral control is employed in the outer and inner structures of the high level control. To ensure speed of operation does not overlap between the inner and outer loops, the proportional ( ) and integral ( ) parameters should be set accordingly. To prevent sudden or large changes being applied to the inner control loop, there is a current limiter component to the outer control loop which consists of a rate of change limiting function and a first order filter. To complete the control structure, a simplified plant model function is included. In order for the converter to be able to provide frequency containment response, this functionality must be incorporated in the form of an ancillary frequency control loop. The supplementary frequency control loop output is added to the summation block in the outer control loop in the high level control structure shown in Fig. 2 . The frequency control loop acts like a traditional proportional controller that is implemented in a synchronous generator to provide primary response. The difference between the measured frequency ( ) and the nominal frequency ( ) produces an error signal (∆ ) that is applied to a dead band function and onto a proportional gain element (K p3 ). Both the dead band and gain can be varied to achieve the desired response. 
CONTROLLER DEAD BAND OPTIONS
The role of the dead band is to prevent control action when the measured variable, frequency in this case, is within defined limits. The system frequency is continually deviating around the nominal value (50 Hz in the GB system) as slight changes in demand and generation occur. As already discussed, a system with a high quantity of synchronously connected rotating kinetic energy (or inertia) will experience smaller deviations around the nominal value. A dead band is incorporated into a SG's governor control and prevents it from constantly adjusting its output when slight deviations occur. A reduction in system inertia combined with more volatile energy sources could cause the frequency to deviate further from nominal than it currently does when standard operational perturbations occur. This could require dead band limits to be increased to prevent excess or unwanted continually output adjustment of generation.
The consequence of increased dead band limits could be that when the system does experience a large disturbance, any required frequency containment response does not operate as quickly as it will not be triggered until the dead band limits have been exceeded. This will potentially lead to lower frequency nadirs or insufficient quantity of response for the system to recover. The factors described suggest the need for a review of dead band implementation and operation to assess the impacts of different designs on system stability. The dead band may be implemented in two ways, denoted in this research as continuous given by (1) and discontinuous given by (2) where is the dead band output value, is the dead band value. A comparison of the two operating techniques is displayed in Fig. 3 (Wescott, 2006) .
(2) Fig. 3 . Continuous and discontinuous dead band operation
Continuous dead band
Continuous dead bands have typically been implemented into the primary control schemes of SGs as a consistent slope output is achieved commonly known as droop control. The output control scheme can be given by (3) where ∆ is the output power and is the gain of the controller. Adjusting the dead band creates a shift in controller output, which retains the same slope (droop) value independent of dead band value as displayed in Fig. 4a . This would lead to reduced response at lower frequencies as the dead band limits are increased To overcome this, the gain value could be a function of the dead band size adjusted so that a desired output is achieved at a given frequency, as given by (4). In (4), ∆ is the desired output value and is the frequency when the output should be achieved. Implementing this strategy would produce different curves depending on dead band size, as displayed in Fig. 4b . f a the same mechanical restrictions and can increase their output significantly faster. Although there are no mechanical constraints on the power electronics, there are thermal limits that need to be adhered to. Nevertheless, adjustment on a timescale of milliseconds is possible. For discontinuous dead band implementation, when the measured frequency exceeds the dead band limits, the output follows (5). Only the initial step varies as the dead band value increases as displayed in Fig. 5a . However, the larger the dead band, the larger the initial step change in output as the dead band is exceeded and this would have to be considered for the MMC. 
Fig. 5. Discontinuous dead operation
With this method, if the dead band size and disturbance size happen to align with the frequency deviating around the dead band threshold, there is the danger that the FCR may be constantly hunting. The controller would operate and return the frequency above the dead band value and be deactivated, allowing the frequency to drop back below the dead band again and so operating the controller. Indeed, this behaviour is demonstrated in the Results later.
To overcome this, a latching operation is introduced with an activation dead band value ( ) and a deactivation dead value ( ). is used to initiate the controller and then not until the frequency had recovered to would the controller stop acting. In this method, as the frequency returned to a nominal value, the additional output value would reduce until was reached as displayed in Fig.  5b . The pseudo implementation for this approach for a frequency drop would be:
TEST SYSTEM
In order to investigate the impact of the different dead band implementation options within the frequency containment control loop of an MMC, the simplified GB system proposed by (Anaya-Lara et al., 2006) was selected and constructed in DIgSILENT Powerfactory 2017. The system consists of three areas that represent England, North Scotland and South Scotland. Each area has a synchronous generator and a static generator to represent wind generation. There is one aggregated load for England and one aggregated load to represent the combined demand in North and South Scotland at bus 3. The network has been modified by introducing an aggregated MMC VSC-HVDC line representing interconnection to England from a representative strong network (e.g. representative of the central European network). The network is shown in Fig. 6 .
The generation data has been determined using the forecasted data from (National Grid, 2015) for the year 2030. By 2030 the GB network will have experienced numerous changes which will have reduced the capacity of SGs in operation. In Scotland, the aim by 2030 is to be operating with 50% SG and 50% renewable energy (Scottish Government, 2017) and this philosophy has been extended in this work and applied to Scotland and England. The demand and generation values of the test network are given in Table 1 . Photovoltaic data and interconnection connected to Scotland has been omitted from this research for simplicity. A frequency disturbance is created by disconnecting 1800 GW of synchronous generation in the England area at t=1 s. Five dead band sizes for each implementation of dead band were selected for the interconnector MMC, displayed in Table 3 along with varying values when applicable. 
RESULTS
This section presents the results obtained from implementing the four previously outlined versions of the dead band into the MMC frequency containment control loop. The frequency response of the system at bus 6 following the disturbance without any frequency response from the MMC is displayed in Fig. 7 and can be used as a base case for comparison. Fig. 7 . Frequency response at bus 6 without MMC support
Continuous dead band results
Results of the additional power output from the MMC following the disturbance for a fixed value of with varying dead band sizes provided in Table 3 is shown in Fig.  8 . Similarly Fig. 9 displays the additional power output when is dependent on dead band size. The use of a variable is shown to provide a greater response from the MMC and as the dead band size is increased this becomes more evident on frequency nadir as displayed in Fig. 10 . 
Discontinuous dead band
When a discontinuous dead band is implemented that uses the same activation ( ) and deactivation ( ) values, the step increase can be seen in Fig. 11 . As the dead band size, disturbance size and additional power injection coincide, it can be seen that the controller keeps activating as enough power is injected to recover the frequency above the dead band. The controller then deactivates and the frequency falls below the threshold which activates the controller again. This unwanted continual operation could be detrimental to the converter. Although the continual switching is only observed at dead bands of 0.4 Hz and 0.5 Hz in this simulation case, this could occur at different dead bands depending on the size of the disturbance.
To overcome this, the use of different and dead band values is shown to be effective at preventing unwanted continual hunting around a dead band value. The additional power output from the controller is shown to be uninterrupted for all dead band values in Fig. 12 . No significant difference in frequency nadir is achieved between the two implementations of the discontinuous dead band as shown in Fig. 13 . However, when using different activate and deactivate dead band values, the frequency recovery is shown to be improved for cases where the controller is acting around the dead band. Additionally, the response from the converter perspective is significantly improved. A comparison of frequency response following both implementations of the discontinuous dead band is displayed in Fig. 14 and Fig. 15 to highlight the improved recovery. Moreover, a discontinuous dead band implementation improves frequency nadir compared to a continuous implementation, due to a higher immediate power injection. The interrupted operation of the controller around the dead band value for a non-latched operation could be detrimental to the system as it prevents the frequency from recovering. This paper has investigated the specific function of the dead band to investigate how different implementations within an MMC VSC-HVDC ancillary frequency containment control loop could impact the system behaviour. A key driver for this research is future low inertia power systems that will experience greater deviations from nominal value during both normal operation and following large disturbances. To prevent unwanted continual operation of frequency control schemes, it may prove necessary to increase the size of frequency containment dead bands.
Two dead band implementations were introduced: continuous and discontinuous. During a continuous implementation, the use of a variable gain that is dependent on dead band size has been shown to improve frequency response from the MMC. The resulting frequency nadir was reduced compared to a fixed value of gain as the dead band size increases highlighting the benefit of the method. The second method was the discontinuous dead band implementation which was shown to improve frequency nadir over both versions of the continuous implementation. The discontinuous dead band with the variable activate and deactivate limits was shown to eliminate the hunting action of the frequency controller when operating around the dead band value. It was also shown to improve frequency recovery as dead band limits increased making it the most effective option for frequency response in this study. It must be noted that not all MMC connected energy sources will have the same head room and thermal limits, which could potentially limit the instantaneous output step from an MMC. Further research should incorporate these considerations. 
